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63Cu NMR measurements are reported for the Cu-rich phase of Cu12+xSb4S13 (x . 2) and com-
pared to Cu12Sb4S13. We identify the NMR signatures of the phase segregation into Cu-poor (x ≈ 0)
and Cu-rich (x . 2) phases, with the metal-insulator transition observed in Cu12Sb4S13 suppressed
in the Cu-rich phase. Based on NMR T1 and T2 measurements, the results demonstrate Cu-ion
hopping below room temperature with an activation energy of ∼150 meV for the Cu-rich phase,
consistent with superionic behavior. The NMR results also demonstrate the effects of Cu-ion mobil-
ity in the Cu12Sb4S13 phase, but with a larger activation barrier. We identify a small difference in
NMR Knight shift for the metallic phase of Cu12Sb4S13, compared to the Cu-rich phase, and when
compared to DFT calculations the results indicate a mix of hyperfine contributions to the metallic
shift.
I. INTRODUCTION
The necessity for new clean energy sources is becom-
ing more and more apparent due to depletion of fossil
resources and environmental degradation. Thermoelec-
tric materials provide the simplest basis for collecting
energy from wasted heat and reducing greenhouse emis-
sions, however most of the current thermoelectric ma-
terials are made of toxic, expensive and/or scarce ele-
ments. Improved thermoelectric compounds should also
have high Seebeck coefficients and electric conductivity,
combined with low thermal conductivity to achieve the
needed efficiencies. Recently tetrahedrite, a natural min-
eral based on the Cu12Sb4S13 compound, identified as a
potentially significant new material, with high thermo-
electric performance at midrange temperatures1–4. This
material includes nontoxic, earth-abundant elements and
can also be doped by transitional metals.
The phase diagram of Cu12+xSb4S13 with 0 ≤ x ≤ 2
has been studied over a wide range of temperatures.
Samples segregate into two tetrahedrite structural phases
(Cu12Sb4S13 and Cu14Sb4S13 ) which converge to a sin-
gle phase5–7 at higher temperatures, driven by relatively
mobile Cu ions. In Cu12Sb4S13, the Fermi level sits
within the valence band making it metallic or heav-
ily p-type, and a metal semiconductor phase transition
(MST) occurs8 at around 85 K, with structural changes
accompanied by an increase in resistivity8 as well as a
drop in magnetic susceptibility9. The extra coppers in
Cu14Sb4S13 are expected to fill unoccupied states and
push the Fermi level to the band-gap, hence rendering
the compound insulating. Recently, Yan et al. reported
that adding 1.5 extra Cu per formula unit to Cu12Sb4S13
enhances the efficiency up to ∼ 66%. In further band
engineering, it was found that adding Se resulted in ∼
64 % further enhancement in power factor10. A new
method was also proposed in tetrahedrites to lower κL by
using spinodal decomposition11 of the Cu-poor and Cu-
rich phases. This induces additional channels for phonon
scattering and reduces the lattice thermal conductivity
substantially. In addition, there are ongoing efforts to
utilize Cu ion mobility in these and related Cu chalco-
genides as an avenue for reducing thermal conductivity
for thermoelectric applications12, as well as in other de-
vice applications13, although the impact of mobility on
the stability of microfabricated devices is also a poten-
tial issue. Thus it is important to understand the kinetics
and local structures involved in this segregation process.
NMR can be an effective way to probe ionic hopping
in solids14,15, allowing sensitivity to a range of dynam-
ical time-scales from 10−7 to 1 s and longer, not easily
probed by other techniques. The local chemical informa-
tion provided through NMR studies also provides a useful
complement to other techniques such as diffraction stud-
ies, and also can often allow disordered or mixed systems
to be studied effectively16. Nuclei with quadrupole mo-
ments, such as the 63Cu nucleus probed here, can be par-
ticularly sensitive in this regard, since the electric field
gradients which couple to the quadrupole moment can ex-
hibit large changes in response to atomic displacements.
In this work, we have used NMR techniques to study
a copper rich Cu12+xSb4S13 tetrahedrite material. We
show that the NMR spectra and relaxation times demon-
strate the presence of the Cu motion extending to low
temperature, with particularly high mobility observed in
the copper rich tetrahedrite. Spin-lattice relation mea-
surements provide an estimation of the activation energy
of these mobile ions.
II. EXPERIMENT
A. Sample preparation
Synthesis: polycrystalline samples of Cu12Sb4S13 (Cu
poor) and Cu13.5Sb3.98Sn0.02S13 (Cu rich) tetrahedrite
were obtained by melting stoichiometric amount of high
purity (> 99.99%) elements (Cu, Sb, S) at 923 K for
12 h, and then cooling down to room temperature. The
obtained samples were annealed at 723 K for a week.
Finally, the obtained ingots were hand ground into fine
powder for spark plasma sintering (SPS-625) at 673 K
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2for 5 min under a uniaxial pressure of 45 MPa.
B. Measurement methods
Room temperature powder X-ray diffraction (XRD)
data were collected using a Bruker D8 spectrometer
with CuKα radiation and analyzed using the GSAS-II
package17. NMR measurements were carried out us-
ing spin echo integration versus frequency and by as-
sembling and superposing Fast Fourier Transformation
(FFT) spectra at a sequence of frequencies. These mea-
surements were executed in a magnetic field of 8.9 T at
frequencies near 100 MHz, using a custom-made pulse
spectrometer in a temperature range from 4.2 to 300 K.
A silver coil was used to eliminate spurious Cu NMR
signals. 63Cu NMR chemical shifts were referenced to
CuCl.
NMR spin-lattice relaxation time (T1) measurements
were obtained based on an inversion recovery sequence
implementing a multi-exponential function for recovery
of the central transition18. We follow the convention
K = (f − f0)/f0 for Knight shifts, with f0 the standard
reference frequency and positive shifts having paramag-
netic sign. In the analysis, we used nuclear moment val-
ues (Q and γ) reported in Ref.19. Electric field gradients
(EFGs) are given in terms of the standard parameters
νQ =
3eQVzz
2I(2I−1)h and η = (Vxx − Vyy)/Vzz.
III. RESULTS AND ANALYSIS
The X-ray result and refinement are plotted in Figure
1. XRD analysis shows that the sample includes dis-
tinct Cu13.6Sb4S13 and Cu12Sb4S13 phases without any
secondary phases. Detailed results are in Table I. These
phases will be referred to as Cu14 and Cu12 respectively.
Both phases were refined in the cubic structure of space
group I4m (217) with lattice constants a = 10.4409A
and a = 10.3205A respectively, in good agreement with
what was previously reported5,20. The Cu14 majority
phase has phase fraction 0.70 and the Cu12 minority
phase 0.30. The Cu12 unit cell has two distinct Cu sites
while Cu14 phase has three Cu sites. A good fit for the
Cu12 minority phase was obtained by setting all sites to
100% occupancy, except for Cu-II which was modeled as
having a split-site 24g configuration.
The half-occupied 24g site-II represents a two-fold off-
center position for this ion, consistent with the fit de-
scribed by Vaqueiro et al.5 Cu14 has a similar config-
uration with the addition of an interstitial Cu-III par-
tially occupied site. Note that the XRD refinement in
the Cu14 phase had a low sensitivity to Cu-I occupation
in the range of 0.90 to 0.99. However, we obtained a
slightly better fit with 0.99 occupation (Rw= 6.053% vs
Rw= 6.138% for 0.92 occupation).
63Cu NMR spectra obtained at several temperatures
for the Cu14Sb4S13 sample are shown in Figure 2. Also
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FIG. 1. Powder X-ray diffraction patterns collected at room
temperature for the Cu13.6Sb3.98Sn0.02S13 sample, showing the
two fitted phases.
superposed are spectra for a Cu12SbS13 sample, as re-
ported previously20. The Cu-II position in Cu12 has a
large quadrupole broadening20 (νQ ≈ 18 MHz), and is
well out of range in these spectra, whereas Cu-I has a very
small quadrupole broadening (νQ ≤ 1 MHz)21–23. Since
Cu14 has essentially the same structure, with the addi-
tion of the interstitial site, we assume here that Cu-II for
the Cu14 phase is also out of range here, and we analyze
these spectra as representing Cu-I and Cu-III sites for the
Cu14 phase as well as the Cu-I site for the Cu12 phase.
Above the Cu12 MST we find that the spectrum con-
tains two main peaks. These are the central transitions
(−1/2 
 1/2) for copper nuclei with I = 3/2. A broad
peak is also observed to underlie these lines. Therefore,
the spectra were fitted assuming three distinct sites.
In a previous NMR study20 of Cu12Sb4S13, two peaks
with νQ ≈ 3.85 MHz and νQ ≈ 7.59 MHz identified at
room temperature were assigned to Cu-II and Cu-I re-
spectively. However, a DFT calculation for the Cu3SbS4
compound (see supplement) shows that Cu has νQ ≈ 3.64
MHz and νQ ≈ 6.59 MHz and we found a reflection due to
small amount of this phase in the previous XRD results20
which was not identified before. Therefore, we conclude
the presence of Cu3SbS4 in the previous sample explains
the presence of the small peaks in room temperature.
This phase is not found in the Cu14 sample, and also
we tested a new Cu12 sample, with no room tempera-
ture signal which is in agreement with Matsui et al.22
and Kitagawa et al.23. Note that this does not affect the
observed low-T rattling result20 for the dominant Cu12
phase. In the present results, the spectral weights are
significantly reduced above 150 K (Figure 2), both in the
Cu12 and Cu14 phases, an effect of ionic hopping at these
temperatures, as described below.
In the analysis of the Cu-rich sample, we fitted three
Gaussian peaks to the spectra corresponding to the
model identified above. Figure 3(a) shows the lineshapes
3Cu12 phase Cu14 phase
Site Wyckoff position x y z SOF x y z SOF
Cu-I 12d 0.25 0.5 0 1 0.25 0.5 0 0.9873
Cu-II 12e 0.2142 0 0 0.9460
Cu-II 24g -0.2485 0.0642 -0.0642 0.5
Cu-III 24g 0.2851 0.2851 0.0102 0.15
Sb 8c 0.2652 0.2652 0.2652 1 0.2666 0.2666 0.2666 0.9881
Sn 8c 0.2653 0.2653 0.2653 0.005
S-I 24g 0.1193 0.1193 0.3788 1 0.1144 0.1144 0.3513 1
S-II 2a 0 0 0 1 0 0 0 1
TABLE I. Crystallographic information at 300 K for Cu rich sample including Cu12 minority phase. Lattice parameters
a = 10.4409A for Cu14 (phase fraction 70%) and a = 10.3205A for Cu12 (phase fraction 30 %). Rw = 6.05%. SOF: site
occupancy factor.
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FIG. 2. 63Cu NMR spectra for Cu14Sb4S13 at temperatures
as shown. Solid curves are lineshapes for Cu12Sb4S13 from
reference20. The dashed lines are guides to the eye identifying
the Cu-I site in Cu14 and Cu12 phases.
with fitted peaks at three different temperatures. One of
these peaks corresponds to the Cu12 minority phase, as
can be seen from the superposed spectra shown in Fig-
ure 2 and also Figure 3(b). The position for this peak
rises with decreasing temperature from about 600 to 1200
ppm, in good agreement with the observed shifts for this
composition20,22,23. The remaining signal is assigned to
the Cu14 main phase. At 4 K the broadening is such20
that the three peak model does not converge since the
Cu12 phase also exhibits broadening due to structure
change in the insulating phase. However, the general fea-
tures, a shoulder at around 1200 ppm due to Cu12 and
an additional peak near 900 ppm, can still be identified.
These are plotted along with the fitted results in Figure
4 which summarizes the evolution of the peak positions
vs temperature.
As the temperature changes, the fitted peak near 900
ppm remains unchanged. We attribute this peak to the
Cu-I site in the Cu14 majority phase; with Cu-I in the
metallic phase of the Cu12 composition known to exhibit
FIG. 3. (a) NMR lineshapes and fitted spectra for Cu-
rich sample at three indicated temperatures. Three fitted
peaks are also shown, according to the model described in
the text, as shown (b) Lineshape for Cu12Sb4S13 sample at
120 K with the vertical lines showing identical shift positions
as those in part (a). (c) 63Cu spectra (NMR signal ×T ) versus
temperature for Cu14Sb4S13 sample showing the signal loss at
high T .
a negative Knight shift above the MST due to the core
polarization mechanism, it is reasonable that this peak
should have a more positive shift in the charge balanced
Cu14 phase. Note also that the line-width for this peak,
as well as the Cu-I peak for Cu12, are comparable to
what was recently reported22 for Cu12. As anticipated,
the results indicate that the phase transition is absent in
the Cu14 phase. Meanwhile, the intensity of the much
broader third fitted peak is such that it is assigned to Cu-
III interstitial ions combined with Cu-I sites, as described
below.
At 100 K, the fitted broad peak represents a fraction
0.40 of the NMR spectral weight, versus 0.36 for the Cu-
I peak in the majority phase and 0.24 for Cu-I in Cu12
phase . XRD indicates 6 Cu-I sites fully occupied in
the Cu12 phase (30% phase fraction), whereas for the
Cu-rich phase the results indicate 1.8 Cu-III ions per for-
mula unit, in addition to the 6 Cu ions on Cu-I sites.
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FIG. 4. Temperature dependent peak positions for three
fitted sites described in the text.
This yields an expected relative spectral weight of 0.25
for the Cu12 phase, in reasonable agreement with the
fitting. By contrast, the Cu14 phase XRD occupancies
yield expected relative spectral weights for Cu-I and Cu-
III equal to 0.58 and 0.18 respectively. The correspond-
ing fitted lines do not have this expected approximately
3:1 intensity ratio. However, the Cu-III interstitial site
is a nearest-neighbor for Cu-I, and occupation of such a
neighbor site would be expected to induce a large change
in the EFG’s experienced by the Cu-I site. With the
Cu-III 24g site occupation observed to be 0.15 and since
each Cu-I has four Cu-III near-neighbors, assuming ran-
dom occupation of the Cu-III sites, the probability for a
Cu-I to have no Cu-III neighbors will be 0.854 = 0.52,
and therefore half of the Cu-I sites are expected to ex-
perience a significantly enhanced EFG. The observed re-
duced NMR intensity for the Cu14 phase Cu-I line, and
enhancement of the broad peak intensity, are in reason-
able agreement with this scenario. Thus we assume that
the broad peak is due to Cu-III interstitials combined
with Cu-I sites directly affected by the Cu-III occupa-
tion, with the breadth due to random occupation of the
latter sites.
IV. COPPER MOTION
The temperature dependence of the Cu14Sb4S13 spec-
tra is further illustrated in Figure 3(c). Whereas the in-
tegrated spectral areas scaled by temperature would nor-
mally be temperature independent if the spectral weight
is conserved, the observed reduction in NMR signal can
be attributed to slow Cu hopping. This is observed in
all samples: the NMR echo signal is sharply reduced in
the temperature range 100 to 160 K, with the onset of
hopping observed in both Cu-poor Cu12 as well as Cu-
rich Cu14 in this same temperature range, although for
Cu14 the faster drop implies greater Cu-ion mobility in
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FIG. 5. Spin echo decay rate for Cu14 phase at different
temperatures, with fits described in text.
the Cu14 phase. This can be compared to the large dif-
ference in Cu mobility reported for Cu12 vs. Cu14 phases
at high temperatures once super-ionic behavior sets in5.
For further confirmation of the dynamics of copper
hopping, the spin-echo decay was measured by varying
pulse separation, (tdel) in a standard spin-echo sequence,
at the 900 ppm peak position for Cu-I in the Cu-rich
Cu14 phase (Figure 5). We also made a similar measure-
ments for the second, Cu12-dominated sample. The data
were fitted to
Echo = C[(1− α)e−(2tdel/T2g)2 + αe(−2tdel/T2e)], (1)
where T2g and T2e are the Gaussian and exponential T2
decays, respectively with T2 here referring generally to
all processes contributing to the echo decay. The ra-
tio α helps to determine the relative significance of mo-
tion, since normally exponential decay is dominant when
motion is important, while more nearly Gaussian decay
occurs for a static NMR line, controlled by the nuclear
dipole-dipole or pseudo-dipolar couplings24.
Figure 6 summarizes the fitting results. The low-T
decay curve for both samples is dominated by Gaussian
decay. However, as the temperatures rise, α increases,
indicating that atomic motion is more important. Both
samples show an increasing α vs. T , signaling the onset
of dynamics, see inset of Figure 6. Note that there is a
larger underlying dipole width (shorter T2g) for the Cu12
sample contributing to the observed difference in α in ad-
dition to the faster increase in 1/T2e for Cu 14. However,
clearly Cu12 has a lower mobility as the majority phase,
similar to what found as the minority phase in Cu14.
In analyzing the fitted T2e for the Cu14 main phase,
we assume an activated process with hopping time τ =
τ0exp(∆E/kBT ), where ν0 = 1/τ0 is the attempt fre-
quency and ∆E is the activation energy. Assuming each
Cu-ion hop destroys the echo refocusing process for a Cu
ion and its neighbors, T2e will equal the mean hopping
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FIG. 6. Fitting results of spin echo measurements. Main
plot: T2e and T2g versus T for Cu14. The curve line is the fit
described in the text. Inset: Fitting parameter α for majority
phase in Cu rich and Cu poor samples, providing a measure
of ion dynamics.
time. This is a strong-collision, slow motion approxima-
tion, likely valid for the present case since the change
of quadruple parameters associated with a sudden hop-
ping event will make large changes in the precession fre-
quency, removing it from the echo signal. We fitted only
the last few points where α is close to 1, so that T2e can
be considered as dominated by motional processes. This
yielded ∆E ≈ 116 meV. We also obtained a relatively
large attempt time τ0 ≈ 2.25× 10−8s. The attempt time
is significantly larger than expected for vibrational mo-
tions in solids, however this is a typical situation for NMR
fitting for superionic conductors in the hopping regime,
for reasons which are not entirely clear14,25. This acti-
vation energy is consistent with the result obtained from
T1 measurements, described below. This helps to confirm
the connection of kinetic processes to the disappearance
of the NMR signal, rather than for example broadening
or splitting of the NMR lines due to a symmetry break-
ing.
The nuclear dynamics can also be detected through
the temperature dependence of the spin lattice relaxation
time (T1).
63Cu 1/T1T for the Cu14, Cu-I site, is shown
in Figure 7. Faster relaxation behavior was reported in
Matsui et al.22 for a Cu12 sample although this is due in
part to the difference in fitting functions. 1/T1T is fitted
to the activation equation25,26 a/Te
(−∆EKBT ) +b, where ∆E
is activation energy and a and b are constants. Figure 7
shows results of fitting with ∆E =145 ± 30 meV due to
hopping in the Cu14 sample which is also in agreement
with the activation energy we derived from T2. Thus
even though the temperature range is limited due to the
disappearance of the spin echo due to hopping, for Cu14
we obtain a consistent measure of the activated process
involved here.
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FIG. 7. 63Cu 1/T1T for Cu-I site in Cu14 vs temperature.
The curve is the activated fit explained in the text.
V. DISCUSSION
The proposed Cu14 structure27, with two extra Cu on
the interstitial sites refined from X-ray diffraction, pro-
vides a good model for the observed NMR amplitudes.
In the original X-ray fitting report, it had also been
proposed27 that some Cu ions were on unknown sites
not accounted for by the Cu-I, Cu-II and Cu-III sites.
Here we see that the 3-site model does well in account-
ing for the NMR results. Previous results5 also point to
Cu-I occupation close to 1, and as noted above, NMR is
consistent with this picture.
It has also been proposed28 that the occupation of Cu-
I should be reduced to 0.67 in the Cu14 phase with a
corresponding fraction of Cu ions promoted to intersti-
tial sites. This is due to the small refined Cu-I-Cu-III
distance27 of 2.37 A˚. We tested this occupation in the
XRD refinement, however, the Rw increased to 7.16 %
with GOF= 2.38. In the refined results of the table I,
bond length between Cu-I to Cu-III is 2.36 A˚, which is
a normal Cu-Cu bond length29,30, however, with con-
siderable uncertainty. Thus, it is unclear whether the
Cu-I−Cu-III distance is an anomalously short one.
In the NMR spectra, we observed two peaks at ∼
600 and ∼ 900 ppm for temperatures above the MST.
Normally the contribution to the conduction electrons
and holes to the NMR shift is a Knight shift (K). In
an effective mass approximation, often appropriate for
semiconductors31, it is found that in the metallic limit
K ≈ n1/3, where n is the carrier density. Thus, Cu14
(with balanced charge composition) is expected to have
K much closer to zero, and thus we expect that K for the
metallic phase of Cu12 is approximately equal to −300
ppm.
DFT calculations (provided in Supplementary Infor-
mation) for Cu12Sb4S13 show that the Cu-d partial den-
sity of states for Cu-I is gd(EF ) = 2.48 eV/atom. This is
comparable to what was found by Lu et al.32 Considering
6the d-electron hyperfine field33 −17.2 T/µB obtained for
cuprate superconductors, the calculated gd(EF ) yields an
estimate K = −2470 ppm. The observed value is con-
siderably smaller, thus we conclude K cannot simply be
due to d-core polarization based on the calculated valence
band of the DOS. Matsui et al.22 have discussed that K
can include considerable correlation effects. However, it
is surprising that such effects should give the factor of
∼1/6 reduction in K that we obtain here. We speculate
that there is an additional competing spin contribution
to the Cu12 shift due to other mechanisms. DFT results
indicate that gs(EF ) is 200 times smaller than the d term,
thus it seems likely that an orbital hyperfine contribution
gives partial cancellation.
The activation energy for ionic motion in the Cu14
phase is comparable to that of similar types of superi-
onic materials. Normally, solids that have ionic conduc-
tivity of 10 S/m or larger as well as activation energy on
order of 100 meV, are considered as solid state ionics14.
Wang et al. indicate several examples of Li diffusion with
Ea in the range of 170 to 220 meV
34. Among Cu com-
pounds, the activation energy in Cu2Se is
35 230 meV.
In Cu2Te the activation energy is 350 meV and doping
small amount of Ag increases activation energy36 up to
500 meV. In CuI the extracted37 activation energy is 640
meV but CuI has a first-order phase transition to its su-
perionic phase. Therefore, even though tetrahedrite has
a first order transformation to its superionic phase, its Cu
ions are nevertheless also quite mobile at low tempera-
ture. Thus, the results are in line with those of other
materials, and the NMR activation results demonstrate
that the behavior extends to low temperatures, with con-
siderable Cu mobility apparent in both phases at room
temperature and below.
Based on the activation energies we consider a simpli-
fied statistical approach to the hopping process in Cu14.
Since the Cu-I site is an immediate neighbor to the par-
tially filled Cu-III sites, we assume hopping proceeds
mainly through these two sites. We further assume that
the Cu-I site is in the lower energy state and that the
energy difference is equal to the observed hopping acti-
vation energy. The entropy is S = kB lnΩ, where Ω is the
multiplicity of states. If ni is the number of Cu atoms
on Cu-III interstitial sites per cell at T = 0 and x is
the number of Cu-I atoms promoted to Cu-III site, we
obtain:
Ω =
(
(12N)!
[(12−x)N ]![xN ]!
)(
(24N)!
[(24−ni−x)N ]![(ni+x)N ]!
)
(2)
for a large number N of unit cells. Minimizing the free
energy leads to
x(ni + x)
(12− x)(24− x− ni) ≈ e
−∆/KT , (3)
where ∆ is the energy difference between Cu-I and Cu-III
sites. Using ∆ = 145 meV derived from T1 fitting results
at room temperature, with ni = 4 (corresponding to the
Cu14Sb4S13 composition) this leads to x = 0.14. This
corresponds to Cu-I occupation of 1 − (0.14/12) = 0.99.
At 493 K, the Cu-I occupation based on the same model
is reduced to 0.90. The XRD results for Cu-I in the
Cu14 phase shows occupation of 0.99 at room temper-
ature which agrees with this estimation. Also Vaqueiro
et al.5 show that the occupation in their sample drops
from 0.92 at room temperature to 0.86 at 493 K, be-
fore at higher T the phases become mixed in a first-order
transition. The agreement seems reasonable.
For Cu12 phase the composition corresponds to ni =
0. Assuming an activation energy of 150 meV gives a
room temperature Cu-I occupation of 0.88 which is much
smaller than the observed 1.00 occupation. This agrees
with our observation that the Cu12 NMR line amplitude
drops more slowly vs. T , indicating a larger activation
energy. Assuming instead an activation energy of 280
meV for Cu12 leads to x = 0.06 at room temperature
(thus Cu-I occupation equal to 0.99), and x = 0.54 at
493 K (occupation of 0.95). This agrees with our XRD
refinement for Cu-I in the Cu12 phase and also the re-
ported occupation dropping to 0.95 for this phase5 at 493
K. Thus, the fitted activation energy results, along with
an estimated larger energy for Cu12, are consistent with
the reported site occupations, giving further confirma-
tion to the analysis of the NMR results. For the Cu12
phase as noted above, the activation energy is larger by
a factor on order of two, however this result is still in
the range observed for other superionic conductors, and
a significant amount of Cu-ion mobility is to be expected
at high temperatures in both of these phases. This result
should be important for device design and development.
VI. CONCLUSIONS
In a set of Cu NMR measurements on Cu12+xSb4S13
tetrahedrites, we identified the NMR signatures of the
phase segregation into Cu-poor (x ≈ 0) and Cu-rich
(x . 2) phases. The temperature-independent lineshape
for the Cu-rich phase indicates the suppression of the
phase transition for this phase. Also by observation of
the NMR line shapes, combined with analysis of T2 and
T1 relaxation behavior, we obtain a measure of Cu-ion
dynamics in these phases at low temperatures. We find
that the Cu ions are particularly mobile in the Cu-rich
phase, with a fitted activation energy of 145 meV for ion
hopping. The x ≈ 0 phase exhibits a larger barrier for
ionic motion, however in both phases we find that there
is a significant rate of ionic motion at temperatures below
room temperature.
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8SUPPORTING INFORMATION
Density function theory (DFT) calculations were con-
ducted using the WIEN2k package38. In this package,
a (linearized) augmented plane wave plus local orbitals
method is implemented39. For these calculations, a cubic
unit cell of with 58 atoms in space group 217 with a lattice
constant of a = 10.3208A was considered. We used the
atomic positions obtained in the XRD refinements for the
Cu12Sb4S13 phase. We took separation energy between
core and valence states as RKmax= 6 Ry, the plane-wave
expansion cutoff Gmax = 12 Bohr
−1, and 12×12×12 k-
points and adopted the exchange correlation functional
introduced by Perdew, Burke, and Ernzerhof (PBE)39.
The calculation was run without spin-orbit coupling or
spin polarization. Density of states results are shown in
Figure S1, for the Cu-I site, and in Figure S2 for the Cu-
II site. Also, Figure S3 shows a comparison of the full
density of states and the Cu partial densities of states (for
all orbital symmetries) for the two sites. The full den-
sity of states is comparable to what has been reported
previously2.
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FIG. S1. Partial density of states of Cu-I for Cu12Sb4S13.
For Cu3SbS4, we used the structure reported by
Pfitzer40 which includes a tetragonal unit cell of 8 atoms
in 121(I42) space group with a = 5.391A and c =
10.764A. The calculation initialized with RKmax = 6,
the plane-wave expansion cutoff of Gmax = 12, Bohr
−1
and 10× 10× 10 k-points considered with PBE (Perdew,
Burke, and Ernzerhof) exchange correlation function,
without spin polarization or the spin orbit coupling.
Our results are in good agreement with recently re-
ported calculations41. However, note that it was recently
shown42 that using more advanced functionals yields a
nonzero semiconducting gap for this material. However,
this is unlikely to have a large effect on calculated elec-
tric field gradients (EFGs), which depends only on the
filled states within the valence band. The EFG results
for the two Cu sites in this material, Cu-I and Cu-II, are
2.85318× 1021 (V/m2) and −1.46966× 1021 (V/m2) re-
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FIG. S2. Partial density of states of Cu-II for Cu12Sb4S13.
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FIG. S3. Partial density of states for Cu-I and Cu-II and total
density of states for Cu12Sb4S13.
spectively, quoted as the largest-magnitude principal val-
ues of the EFG tensors, which are symmetry-constrained
to be axial in both cases. Converting to the standard
quadrupole parameter νQ =
3eQVzz
2I(2I−1)h , based on the stan-
dard 63Cu quadrupole moment19, we obtain νQ = 7.59
MHz and νQ = 3.85 MHz respectively.
9FIG. S4. Density of states and energy-band diagram for
Cu3SbS4 along high symmetry lines in the BZ.
